In the manuscript by Perales-Clemente et al. the authors investigate the presence of potentially pathogenic mtDNA mutations in somatic cells that may become enriched in iPS cells. They further show that these mutations may affect function of iPSC derived cardiomyocytes and propose screening of mtDNA as routine quality control for iPSCs. The study is well written and the message is clear. The experiments support the data well.
Unfortunately most of the data is not novel. The fact that iPSCs harbor mtDNA mutations has been shown before (Prigione et al. Human induced pluripotent stem cells harbor homoplasmic and heteroplasmic mitochondrial DNA mutations while maintaining human embryonic stem cell-like metabolic reprogramming, Stem Cells, 2011) and the presence of these mutations in somatic cells and their enrichment in iPSCs was just shown by another group (Kang et al. Age-related accumulation of somatic mitochondrial DNA mutations in adult-derived human iPSCs, Cell Stem Cell, 2016). However, the current paper has some novelties that are of interest to the stem cell and mitochondria fields and the authors could emphasize and focus more on these aspects to make the paper stronger.
In the Kang paper the mutation levels correlate with donor age, while in the current paper no correlation is seen. This is an important aspect and the authors should expand this and discuss the discrepancy between the two studies. The authors should also refer to the Kang et al paper.
Another clear difference to the Kang paper is that in the current study all the mtDNA mutations present in the iPSCs were present also in the parental fibroblasts, whereas in the Kang et al. study majority of the mutations were novel and only some were shared between the iPSCs and the parental cells. This could be discussed as well.
Another interesting aspect that the authors raise is the co-segregation of certain mutations this aspect could be further expanded.
The point of the paper is that the novel unknown mutations may be pathogenic and lead to functional defects, yet in the functional study of the iPSC-derived cardiomyocytes the authors focus a lot on the effect of the m.3424A>G mutation to the cellular respiration. The effect of the novel mutations could be emphasized more and less emphasis put on the known disease-causing pathogenic mutation, which was known to be present in the cells. It would be nice to see data from healthy donor cells.
Minor points
The title says that mtDNA mutations are a source of intra-person human iPSC variability. This is a bit strong statement as it gives the idea that this is the source while the text it is stated as one potential source as it should be. While the mtDNA mutation are one of the sources, there definitely are other important sources as well, like mutations in the nuclear genome that have been shown to arise during reprogramming (several publications e.g Mayshar et al,Cell Stem Cell, 2010, Hussein et al, Nature 2011).
Referee #2:
This manuscript performed mtDNA NGS on 84 human iPSC lines from 19 donors. The analyses found that many of the lines harbored various levels of mutations, which are likely attributable to heterogeneity of the original fibroblasts. The authors also showed that some of these mutations resulted in decreased oxidative respiration in differentiated progenies. Based on these findings, the authors proposed a flow chart to evaluate iPSC clones prior to clinical applications. I found the work important and interesting. It should be published in EMBO journal provided that the authors properly address the following issues.
1.The authors argued that the different degree of mtDNA mutations was a source of intra-person variability of the iPSC lines. This may be true, but requires more careful discussion. Clonal variation of the iPSC lines includes differences in differentiation propensities and differences in functional performance after differentiation. As shown in figure 4, the authors did not observe the former. The authors did show that some mutations resulted in decreased oxidative respiration in cardiac myocytes, but whether this observation has any functional consequence remains unclear. Do these clones show any functional defects as cardiac myocytes? Without direct functional evidence, the title and the selection criteria shown in figure 5 would be too premature. 2.The authors should compare their results with those by Mitalipov and colleagues published earlier this year. Most notably, the two works differ sharply in age dependency of the mtDNA mutations. The authors provided nice figures in their responses to the reviewers in their previous submission, which I believe should be included in the manuscript. This is indeed an emerging area of iPSC research that we have been part of with our paper in 2013. Additionally, there are inaccuracies in the few publications that will have a profoundly negative effect on the field if not addressed. We agree with reviewer #1's comment about the importance of mutation level does not correlate with donor age in hiPSCs in our study. Following reviewer's comments, we have cited and discussed Kang et al. paper in the page 14 of our manuscript. This is critically important. "Our results show that low levels of heteroplasmic mtDNA variants are revealed in nuclear reprogramming regardless of donor's age, as we found GPMs exhibiting heteroplasmy levels in excess of 10% in hiPSC clones-derived from individuals from one month of age to 44 years of age in control group, supporting the Universal Heteroplasmy Theory as the process responsible for the differences exposed in mtDNA during nuclear reprogramming, rather than an accumulation of somatic mutations with age (Kang et al, 2016). Our findings demonstrate that hidden mtDNA heteroplasmy can profoundly affect hiPSC function when differentiated into cardiac lineages and is consistent with emerging evidence that indicates a generalizable mechanism inherent to clonal expansion of hiPSC clones (Kang et al, 2016) . Additionally, our data establishes that all ages of patients and independent of mitochondrial disease phenotype are vulnerable to mtDNA load. Conversely, low heteroplasmy hiPSC clones are commonly identified even from mitochondrial patients expected to have high heteroplasmy based on clinical presentation."
Another clear difference to the Kang paper is that in the current study all the mtDNA mutations present in the iPSCs were present also in the parental fibroblasts, whereas in the Kang et al. study majority of the mutations were novel and only some were shared between the iPSCs and the parental cells. This could be discussed as well.
This is indeed a critically important aspect of our study that we have inadequately discussed in the original version of the manuscript and now appropriately highlighted on pages 12-13. We appreciate the reviewers extremely helpful perspective to uncover this oversight.
"Previously, nuclear reprogramming was reported as the cause of new mtDNA mutations in hiPSCs (Prigione et al, 2011). Similar results were reported recently (Kang et al, 2016) showing low amount of shared mutation between hiPSC clones and the parental fibroblasts. However, our results obtained from mtDNA NGS analysis of 36 hiPSC clones and their parental dermal patient fibroblasts showed that all mtDNA variants present in the bioengineered stem cells were also present in the corresponding fibroblasts. mtDNA variants are exposed up to 100-fold during nuclear reprogramming (e.g. from 0.5% of m.9547G>A in the MitoA fibroblasts, up to 53% in MitoA clone 58). The extremely high depth of sequencing that was performed allowed us to separate the low level of heteroplasmy from the background noise. That could be a reason why low level of heteroplasmic mutations were not detected in previous studies in hiPSCs. Our results are in accordance with the Universal Heteroplasmy Theory (Payne et al, 2013) where very low-level of heteroplasmy point mutations (<1%) appears to be a universal finding among different healthy individuals."
Another interesting aspect that the authors raise is the co-segregation of certain mutations this aspect could be further expanded.
Following reviewer's recommendation, we have introduced the term co-segregation in the final version of the manuscript and expand this aspect on page 13. "Moreover, mtDNA NGS analysis of 36 hiPSC clones derived from the three MELAS patients showed that some GPMs co-segregate with the MELAS causing disease mutation. hiPSC clones wild-type at 3243 position carried a GPM in mtDNA (m.9547 G>A in MitoA hiPSC clones or m.12005T>C in MitoB hiPSC clones). Mutant hiPSC clones at 3243 did not harbor those specific mutations, but others GPMs raised like m.4112T>C and m.5133A>G in MitoA hiPSC clones or m.1082A>G in MitoB hiPSC clones. We propose two possible explanations about the cosegregation of different mitochondrial genotypes in nuclear reprogramming. One is that the segregation of mtDNA is likely determined by nucleoid organization (mtDNA molecules and protein assemblages) during nuclear reprogramming (Gilkerson et al, 2008; Spelbrink, 2010) . In this model, wild-type 3243 mtDNA molecules are associated with mutant 9547 mtDNA molecules in MitoA hiPSCs, likely through physical association in nucleoids. The second explanation is that both mutations m.3243A>G and m.9547G>A may not coexist in the same cell due to the detrimental effect of both mutations in mitochondrial function, mitochondria with both mutations are likely degraded through mitophagy (Narendra et al, 2008 )."
We completely agree with reviewer's comments about hiPSC-derived cardiomyocytes harboring MELAS causing disease mutation (A3243G), are the positive control in our experiments, that allowed us to properly analyzed any causal role in oxygen consumption in hiPSC-derived cardiomyocytes with GPMs revealed through nuclear reprogramming. We have addressed reviewer's comment on page 11. "Finally, we determined whether the mtDNA GPMs revealed through nuclear reprogramming, affected mitochondrial oxygen consumption rates in hiPSC clones and their differentiated counterparts. In the induced pluripotent state, all hiPSC clones exhibited similar basal and uncoupled respiration regardless their mtDNA genotype ( Figure 4E ), being in accordance with previous findings showing that hiPSCs are agnostic to disease-causing mtDNA mutations due to their low reliance in oxidative metabolism (Folmes et al, 2013) . However, once the cells differentiate into cardiomyocytes, they rely mainly on OXPHOS to produce ATP. As expected, MitoA-61 and MitoA-69-derived cardiomyocytes containing m.3243A>G in MT-TL1 at 83% of mutation load, displayed basal and uncoupled respiration rates significantly lower than their wildtype counterparts ( Figure 4F ). Remarkably, MitoA-58-derived cardiomyocytes with GPM revealed during nuclear reprogramming (m.9547G>A in MT-CO3 at 70%) exhibited reduced basal and uncoupled mitochondrial oxygen consumption compared with their wild-type counterparts. The pathogenic effect of this GPM could lead to similar functional defects than MELAS causing disease mutation, when the mutation load reaches the 70%. MitoA-59-derived cardiomyocytes harboring the same mutation (m.9547G>A) at 40% heteroplasmy did not show reduced mitochondrial oxygen consumption, demonstrating the required mtDNA mutational threshold to show the mitochondrial defect ( Figure 4F ). It should be noted that not all the GPMs at high levels of mutation affected mitochondrial oxygen consumption. The MitoA-217-derived cardiomyocytes containing the m.13918T>C mutation in MT-ND5 at 83% exhibited basal and uncoupled respiration rates similar to controls ( Figure 4F ). These results suggest that analysis of GPMs provides a useful tool for screening for potentially damaging mutations in mtDNA; however, functional analyses are necessary to confirm any causal role."
Showing functional data from hiPSC clones derived from healthy donors would be a really interesting result. Based on the magnitude of variation in a wide spectrum of heteroplasmy across our large cohort of clones, it is expected that careful functional validation of these will indeed uncover and prioritize high-risk mutational burdens. We appreciate the reviewer's suggestion and have a significant effort underway to comprehensively characterize these mutations based on the finding presented herein.
Minor points The title says that mtDNA mutations are a source of intra-person human iPSC variability. This is a bit strong statement as it gives the idea that this is the source while the text it is stated as one potential source as it should be. While the mtDNA mutation are one of the sources, there definitely are other important sources as well, like mutations in the nuclear genome that have been shown to arise during reprogramming (several publications e.g Mayshar et al,Cell Stem Cell, 2010, Hussein et al, Nature 2011).
Following reviewer's suggestion and following the limitation in number of characters restriction by EMBO journal (100 characters with spaces maximum), we have changed the title of our manuscript into:
"Natural underlying mtDNA heteroplasmy as a potential source of intra-person hiPSC variability" Moreover, we have incorporated a new paragraph at the beginning of the discussion section, highlighting the idea of mtDNA mutations as a potential source of intra-patient variability, other sources can be responsible of this variability too, and both citations suggested by the reviewer have been incorporated in the final version of the manuscript.
"Functional variability among hiPSC clones derived from the same individual is one of the primary challenges to interpret and obtain reproducible results. Here, we reported mutations in mtDNA as a potential source in this intra-person variability. It is important to note that other sources of variability have been reported previously in nuclear genes, like full or partial chromosomal aberrations (Mayshar et al, 2010) and copy number variants (Hussein et al, 2011 We appreciate reviewer's recognition of the importance of our work and are thankful for the encouragement. figure 4, the authors did not figure 5 would be too premature.
The authors argued that the different degree of mtDNA mutations was a source of intra-person variability of the iPSC lines. This may be true, but requires more careful discussion. Clonal variation of the iPSC lines includes differences in differentiation propensities and differences in functional performance after differentiation. As shown in
As reviewer #2 appropriately noted, the cardiac differentiation potential as reported by beating activity was not affected in hiPSCs harboring the mtDNA mutations included in this study. However, we showed a functional respiratory consequence of those mtDNA mutations in hiPSCderived cardiomyocytes (low oxygen consumption rate compared with controls). Many mitochondrial disease patients develop variety of cardiomyopathies later in life due not to developmental defects but likely ROS production and a defective aging process. This data motivates additional experimental work that is necessary to address these defects in vitro. We have included a new paragraph on page 15.
"The cardiac differentiation potential of the hiPSCs harboring those mutations, was not affected. It is well established that patients with mitochondrial disease develop cardiac manifestations likehypertrophic and dilated cardiomyopathy, arrhythmias, left ventricular myocardial non-compaction, and heart failure (Meyers et al, 2013). More experimental work is necessary to modelling this defect in vitro."
As reviewer #2 suggested, we have changed the title of our manuscript to accurately reflect the novel data presented herein: "Natural underlying mtDNA heteroplasmy as a potential source of intra-person hiPSC variability" Moreover, the final version of our manuscript does not contain the Figure 5 , we agree with the reviewer's comment about the premature nature of that figure in the context of this work and we regret to have included it in the previous version of the manuscript. Ongoing characterization of a large number of mutant clones will be required to justify this triage model.
The authors should compare their results with those by Mitalipov and colleagues published earlier this year. Most notably, the two works differ sharply in age dependency of the mtDNA mutations. The authors provided nice figures in their responses to the reviewers in their previous submission, which I believe should be included in the manuscript.
Following reviewer's recommendation to better highlight the novelty of this work, we have compared our results from recently Mitalipov's paper, pointing out the main difference in the accumulation of mtDNA mutations in hiPSCs is not age dependent, on page 14 of the final version of our manuscript. We are able to show data from individuals as young as one month of age at the time of tissue collection. We have included the figure representing the % of mutation load versus the donors' age at skin biopsy in the Expanded View Figure 2 , as the reviewer suggested. This is extremely important to have highlighted in this manuscript. Thank you.
"Our results show that low levels of heteroplasmic mtDNA variants are revealed in nuclear reprogramming regardless of donor's age, as we found GPMs exhibiting heteroplasmy levels in excess of 10% in hiPSC clones-derived from individuals from one month of age to 44 years of age in control group, supporting the Universal Heteroplasmy Theory as the process responsible for the differences exposed in mtDNA during nuclear reprogramming, rather than an accumulation of somatic mutations with age (Kang et al, 2016 ). Our findings demonstrate that hidden mtDNA heteroplasmy can profoundly affect hiPSC function when differentiated into cardiac lineages and is consistent with emerging evidence that indicates a generalizable mechanism inherent to clonal expansion of hiPSC clones (Kang et al, 2016) . Additionally, our data establishes that all ages of patients and independent of mitochondrial disease phenotype are vulnerable to mtDNA load. Conversely, low heteroplasmy hiPSC clones are commonly identified even from mitochondrial patients expected to have high heteroplasmy based on clinical presentation." 1. Data the data were obtained and processed according to the field's best practice and are presented to reflect the results of the experiments in an accurate and unbiased manner. figure panels include only data points, measurements or observations that can be compared to each other in a scientifically meaningful way. graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should not be shown for technical replicates. if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be justified Please fill out these boxes  (Do not worry if you cannot see all your text once you press return) a specification of the experimental system investigated (eg cell line, species name).
C--Reagents

B--Statistics and general methods
the assay(s) and method(s) used to carry out the reported observations and measurements an explicit mention of the biological and chemical entity(ies) that are being measured. an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.
the exact sample size (n) for each experimental group/condition, given as a number, not a range; a description of the sample collection allowing the reader to understand whether the samples represent technical or biological replicates (including how many animals, litters, cultures, etc.).
Each figure caption should contain the following information, for each panel where they are relevant:
Captions
The data shown in figures should satisfy the following conditions:
Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship guidelines on Data Presentation. a statement of how many times the experiment shown was independently replicated in the laboratory.
Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.
Please ensure that the answers to the following questions are reported in the manuscript itself. We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human subjects.
